As the gaseous fuels interchangeability, which requires that the two gaseous fuels must be nearly identical 10 in terms of their combustion characteristics and result in a similar engine performance, is important for 11 internal combustion engines operation in cases of the fuel composition variation or the main fuel supply 12
Introduction
applicability is verified by using experimental data from single-fuel and multi-fuel engines, including amodelling; m is the injected fuel mass of each fuel; bi,1 and bi,2 are the weigh factors for premixedcombustion. where, m0 is the mass of the in-cylinder mixture at Inlet Valves Close (IVC); x0 is the initial mass fraction 219 of fresh air at IVC; σ is stoichiometric air-fuel ratio; ξ is the combustion rate obtained by Vibe function. 220
For premixed combustion engines, the instantaneous mass fraction of air-fuel mixture can be obtained 221 on the assumption that air and gaseous fuel react at the stoichiometric ratio, according to Eq(7). 
In-cylinder gas properties 226
Assuming that the in-cylinder gas behaves as an ideal but non-prefect gas, the thermodynamic 227 parameters of each species only depend on the in-cylinder temperature and can be obtained by the power 228 series equation that varies with the normalized temperature according to Eq (8). Yaws [33] and Borman 229 [34] obtained the fitting coefficients of various types of gases by using experimental methods. where, ak is the fitting coefficient of specific heat at constant pressure; θ is normalized temperature, θ = 232 (T -Tshift) / Tnorm; Tshift is the shift temperature, Tshift=0 K; Tnorm is the normalised reference temperature, The specific enthalpy and internal energy of each species can be calculated by Eq (10) and Eq (11), 238 respectively. Since each species in air, gaseous fuel and stoichiometric gas are considered ideal but non-prefect 244 gases, the mixtures behave as ideal but non-prefect as well. Thus, the specific heat, enthalpy and internal 245 energy of the considered mixtures are functions of the average temperature and their composition. A 246 power series of the normalized temperature is used to fit these property data for all the species and the 247 properties of the mixtures can be obtained considering ideal mixtures. 248
The in-cylinder working gas properties, i.e. the specific heat, specific enthalpy and specific internal 249 energy, can be calculated by species property data and composition fractions according to the following 250 where, T is the average in-cylinder temperature; fj(T) is the property data (cv, h and u) for each basic 253 species; xj is the mass fraction of the considered mixture constituents; xl is the mass fraction of air, gaseous 254 fuel and stoichiometric gas. 255 256
Combustion Heat 257
The Combustion Heat (ucomb) is introduced for calculating the specific heat release by using the 258 difference of the specific internal energy between the combustion reactants and products [27] . Compared 259 to the traditional heating value (HV) determination methods, it considers the influence of instantaneous 260 temperature on the specific heat release. The combustion heat can be calculated by considering thespecific internal energy of the fuel, the air and the stoichiometric gas according to the following equation:
where, uf, ua and usg are the specific internal energy of the fuel, the air and the stoichiometric gas 264 calculated by using the average cylinder temperature and the gas composition. 265
For direct injection engines (including liquid and gaseous fuel engines), the energy change caused 266 by the difference between the injection pressure and the in-cylinder pressure must be taken into 267
consideration. In addition, the evaporation heat must also be included in the energy change for the direct 268 injection engines running on liquid fuels. A direct injection diesel engine is taken as an example to 269 illustrate these two parts of the energy change. The energy change during the process of the diesel fuel 270 injection includes two parts: (a) the kinetic energy increase caused by the velocity variation, and (b) the 271 liquid diesel fuel evaporation. Ef is introduced to represent the sum of these two parts of the energy and 272 it can be calculated by the difference between the specific enthalpy of the liquid diesel and the specific 273 internal energy of the evaporated gaseous diesel [27], according to the following equation: 274
where, in f ,liquid h  is the specific enthalpy of the liquid diesel fuel; uf,gas is the specific internal energy of the 276 evaporated gaseous diesel fuel; f ,in m  is the injected diesel fuel flow rate. Since the injection rate, 277 evaporation rate and combustion rate are assumed to be the same for the zero-dimensional engine 278 modelling, f ,in m  equals the diesel combustion rate ξD. 279 Combining Eq (13), Eq (14) and after some manipulation, Eq (15) is derived, which provides the 280
Effective Combustion Heat (ucomb,eff) for a direct injection engine running on liquid diesel fuel. 281
where, ucomb,D is the combustion heat of diesel fuel calculated by Eq (13); ef is the specific energy 283 accounting for the injection pressure difference and the fuel evaporation process. 284 285
Knocking Prediction 286
The knocking phenomenon, including conventional knocking and super knocking, is the main 287 obstacle to employ a high compression ratio for improving the thermal efficiency of gas engines. It isgenerally accepted that the super knocking originates from the pre-ignition in highly boosted gas engines,especially for fuel direct injection engines in the low-speed high-load operating conditions [35] . 290
According to [36] , the conventional knocking is associated with auto-ignition in the unburnt zone after 291 the combustion start. As the investigated 2135 NG engine is naturally aspirated, only the conventional 292 knocking phenomenon will be considered in this study. The probability and corresponding crank angle 293 position of knocking can be determined by Eq (16). According to Livengood 
where ON is the octane number of the fuel; p is absolute pressure in atmosphere, and T2 is the temperature 301 in unburnt zone. 302
When the temperature and pressure time variation of the unburnt gas during an individual cycle are 303 known, Eq (16) and Eq (17) can be used to determine whether auto-ignition occurs before the normally 304 propagating flame consumes the unburnt gas. 305 306 2.2 Model Calculation Flowchart 307 Figure 1 shows the calculation flowchart of the prediction model for evaluating the gaseous fuels 308 interchangeability. A zero-dimensional model initially developed for diesel engines is extended with 309 the consideration of the thermodynamic properties of gaseous fuels (NG, H2) and is subsequently 310 embedded into a two-zone knocking model proposed in previous work [22] , which enables the prediction 311 of the engine performance and the knocking resistance during the gaseous fuel interchangeability. 312
In the extended zero-dimensional model, the Vibe model is used to calculate the combustion rate, 313 which is then employed for the determination of the mass balance and instantaneous composition fraction. 314
The properties library is built on the assumption that the thermodynamic properties of the in-cylinder gas 315 are functions of the composition and the temperature, which provides the combustion heat, the internalenergy, the enthalpy and the specific heat. The heat release rate is obtained by multiplying the combustionheat with fuel burning rate. The heat transfer coefficient in Heat Loss sub-model is estimated by using 318 the Woschni formula. The in-cylinder temperature is calculated by employing the First Law of 319
Thermodynamics. 320
The overall model consists of a two-zone module for representing the combustion phase and a single- The geometric dimensions are the primary input of the proposed single-zone model. The engine 331 rotational speed and the injected fuel mass need to be provided for determining the working conditions 332 of the investigated internal combustion engines. The in-cylinder pressure and temperature at IVC are 333 used to calculate the gas mass trapped in the cylinder at IVC. The charge efficiency is defined as themass ratio of the fresh air and the total trapped gas, which considers the existence of residual gas fromprevious working cycle. The employed fuels (liquid or gaseous) along with their compositions needs to 336 be provided as input. For the combustion simulation of a direct-injection liquid fuel engine, the injection 337 pressure is essential to evaluate the specific energy (ef) caused by the injection pressure difference and 338 the evaporation. In addition, the wall temperatures of the cylinder head, the cylinder liner and the piston 339 top need to be set. In the Combustion Model, the Vibe parameters are required to calculate the heat release 340 rate. The simulation period is set from the IVC to the exhaust valve opening (EVO), whilst the simulation 341 step is set to be 0.5°CA. The crank angle is obtained from the time integration of the rotational speed 342 assuming that the rotational speed remains constant. In addition, the fourth-order Runge-Kutta algorithm 343 is used as the equations solver. Step
Charge efficiency [-] Solver
For the two-zone knocking prediction model, three more parameters (Smass, λent and SHH ) need to be 346 provided as input besides the parameters shown in Table 1 . The initial mass coefficient Smass is defined 347 as the ratio of the initial mass of the burnt zone and the overall cylinder zone, whereas λent and SHH are 348 used to describe the mass and energy flow between the two gas phase zones. The entrainment factor λent 349 is introduced to account for the existence of the stoichiometric gas in the unburnt zone and the possibility 350 that the excess air ratio entrained from the unburnt zone to the burnt zone could be more than or less than1. The Heider-Holhbaum factor SHH [22] is defined as the ratio of the stoichiometric gas flow leaving 352 the burnt zone and the stoichiometric gas production rate. 353 354
Combustion Model Calibration 355
As the combustion characteristics varies with the engine working conditions, the combustion model 356 needs to be calibrated before being used to predict the engine performance. In this study, heat release 357 analysis is applied to determine the Vibe parameters, which are then used to simulate the fuel burning 358 rate of single-fuel engines or multi-fuel engines. 1) The heat release rate can be obtained from the HRR analysis by using the measured in-cylinder 365 pressure by employing heat release calculation model. Alternatively, Computational Fluid 366 Dynamics (CFD) simulation tools can be used to estimate the heat release rate in case the measured 367 pressure is not available. 368
2) For representing the obtained heat release rate with the combustion fit model, the number of the 369 adopted Vibe functions needs to be determined according to the involved fuel types and the fuel 370 injection method. In order to reduce the parameters number, the combustion start timing for all the 371 gaseous fuels are considered to be the same. Then a curve fit method is applied to identify the Vibe 372 parameters, including the start of combustion (SOC), the end of combustion (EOC), weight factors 373 (bi) and shape factors (mv,i). a is set at 6.9078 to maintain a combustion efficiency of 99.9%. 374
3) The HRR obtained by employing the approach described above provides a smoother HRR than the 375 one calculated from the in-cylinder pressure by using filtering. Thus, it is more suitable for the in-376 cylinder combustion modelling as the measurement fluctuations are eliminated [23] . 377 deteriorated engine dynamic behaviour as well as knocking or misfiring tendency, the fuel flexibility is 381
proposed as a counter measure in gas or dual-fuel internal combustion engines like diesel-natural gas 382 engines [38] and diesel-H2-natural gas engines [39] As the proposed model is based on the calculation 383 of the working medium thermodynamic properties and multi-Vibe combustion functions, it is practically 384 capable of predicting the performance of all types of internal combustion engines with the developed 385 properties library and the appropriate combustion model calibration. The model validation was carried 386 out for four internal combustion engine cases, in specific, the MAN 20/27 diesel engine, the 2135 spark-387 ignited natural gas engine, the YC6K dual-fuel engine and the Lister Petter TR2 diesel-H2-natural gas 388 engine. The experimental data of the first three engines was obtained from engine tests [27] , whilst that 389 of the Lister Petter TR2 diesel-H2-natural gas engine was taken from [41] . 390 391
Diesel Engine 392
In this section, the model application to diesel engines is verified by comparing the derived results 393 against experimental data from a MAN 20/27 diesel engine. The main characteristics of the MAN 20/27 394 engine are shown in Table 2 
Natural Gas Engine 408
Experimental data from the 2135 natural gas (NG) engine is used to verify the application of the 409 proposed method on premixed SI engines operating with natural gas. The natural gas composition and 410 the main characteristics of 2135 engine are provided in Table 3 and 411 The combustion heat varies in a same trend with the in-cylinder temperature during the combustion 419 period as it is highly dependent on the temperature variation. In addition, ucomb is smaller than the LHV 420 during the periods of 169°CA to 177°CA and 252°CA to 265°CA due to the relatively lower temperature 421 of the in-cylinder working medium. The difference between the ucomb and the LHV of natural gas is quite 422 small (less than 0.55%) comparing to that of diesel fuel in Figure 3 The YC6K dual fuel engine was converted from YC6K diesel engine by adding a natural gas supply 427 system and updating its Electronic Control Unit (ECU). It works in two different modes, the diesel mode 428 and dual-fuel mode. Diesel fuel with lower auto-ignition temperature serves as an ignition source for the 429 natural gas combustion. The diesel fuel contributes to 25.7% of the total energy release in dual-fuel mode 430 at the nominal working condition. The main characteristics of the YC6K dual-fuel engine are shown in 431 Table 5 . Three Vibe functions are used to simulate the heat release corresponding to the diesel fuel 432 premixed combustion, the diesel fuel diffusion combustion and the natural gas combustion. 433 434 Figure 5(c) shows the estimated total heat release rate, which consists of three parts corresponding 446 to the diesel fuel premixed combustion, the diesel fuel diffusion combustion and the natural gas premixed 447 combustion, respectively. One single Vibe function is used to characterize the combustion rate of naturalparameters number, the start and end timings of premixed combustion and diffusion combustion of the 450 diesel fuel are assumed to be the same. The start timing of the natural gas combustion is set at 8°CA after 451 that of the diesel fuel. 
Tri-fuel Engine 458
Lean burn technology is now widely used in NG engines to decrease the average in-cylinder 459 temperature for reducing the NOx emissions. However, due to the slow flame speed of the NG mixture, 460 operational limitations of the engine settings (air-fuel ratio, injection/spark timing, etc.) must be imposed 461 for to ensure the smooth engine operation and low controlled emissions. In this respect, meeting the 462 existing and future emissions regulations without compromising the engine efficiency is a quite 463 challenging task [44] , which depends on the engine type and application [45] . The enrichment of NG 464 with a fast-burning fuel, i.e. hydrogen, which has a laminar burning velocity sevenfold higher than that 465 of the NG and a low ignition energy limit, was reported to be an effective method to extend the lean 466 operation limit of the NG engines [41] . 467 Abu-Jrai [41] carried out an experimental study by using a Lister Petter TR2 engine to study the 468 effect of tri-fuel (Ultra Low Sulfur Diesel (ULSD), H2 and CH4) operation on the combustion 469 characteristics. Engine tests using 20% (volumetric percentage of the total air inlet charge) H2-CH4 470 mixture injected in the inlet ports and direct injected ULSD were performed in three engine loads (25%, 471 50% and 75%) at a constant engine speed of 1500 rpm. The total air-fuel equivalence ratio was controlled 472
and was set at 1.4 for all the testing conditions. Part of the experimental data in [41] is used in this study 473 to verify the model applicability to the tri-fuel engines. The selected experimental data was measured at 16 Vibe parameters to be determined as listed in Table 7 . In order to reduce the Vibe parameters number, 481 the weight factors estimated for the 20/27 diesel engine combustion (b1 and b2) are used to represent the 482 premixed combustion stage and diffusion combustion stage of the ULSD. The shape factors estimated 483 for the 20/27diesel engine combustion (m1 and m2) and the 2135 NG engine combustion (m3) are used to 484 simulate the heat release rate of ULSD and CH4 in the tri-fuel engine combustion model. In addition, the 485 H2 and CH4 are assumed to start combustion at the same timing and have the same combustion duration. 486
The combustion start timings of the ULSD (SOC1 and SOC2) and the gaseous fuels (SOC3 and SOC4) can 487 be deduced from the sharp increasing points on the measured HRR curves. The remaining three Vibe 488 parameters m4, Δθ1 (also equal to Δθ2) and Δθ3 (also equal to Δθ4) are obtained by employing a curve 489 fitting method. It is inferred from Table 7 that the gaseous fuels with higher H2 content start combustion 490 1°CA earlier, which is accompanied with shorter combustion durations for the diesel, CH4 and H2 fuels. 491 Table 7 . Vibe parameters for HRR calculation in the tri-fuel engine model 492 Table 7 were 496 used to simulate the heat release rate of the tri-fuel engine, which adequately matches the experimental 497 data during the dominant combustion phase except the zone I and Zone II parts, as shown in Figure 6(a) . 498
The deviation between the simulation and experimental data in Zone I is mainly attributed to the liquid 499 in this study. The difference in Zone II is due to the heat loss that is included in the heat release calculated 501 from the experimentally obtained cylinder pressure, but not being considered for the calculation of the 502 net heat release in the developed model. 503
As can be deduced from Figure 6(b) , the simulation results sufficiently agree with the measured in-504 cylinder pressure for the investigated cases. Higher H2 percentage tends to achieve a greater peak cylinder 505 pressure in an advanced crank angle than the respective ones in the case of a fuel mixture with a lower 506 H2 percentage. This is attributed to the high hydrogen burning velocity, which result in a faster and 507 advanced heat release after the diesel fuel ignition, as shown in Figure 6 (a) . 508
Figure 6(c) shows the combustion heat of the H2, the CH4 and the ULSD in comparison with their 509
LHVs. The combustion heat of H2 is much higher than that of other fuels due to its extremely small molar 510 mass. The effective combustion heat of the liquid diesel fuel exhibits a decrease with a maximum relative 511 deviation of 8.03% compared to its LHV, whilst that of H2, CH4 slightly increase exhibiting a maximum 512 relative deviation of 1.67% and 0.3%, respectively compared to their LHVs. 513 514
Quantitative Comparison 515
Four in-cylinder parameters are chosen as criteria to verify the accuracy of the proposed single-zone 516 zero-dimensional model quantitatively, in specific, the Indicated Mean Effective Pressure (IMEP), the 517 pressure at EVO (pEO), the peak pressure (pmax) and the corresponding crank angle (α1). IMEP, pmax and 518 pEO are related to the mechanical load and heat load of the cylinder to a certain extend. The comparison 519 of the simulation results and the experimental data is shown in Table 8 . The error of α1 is presented in the 520 form of absolute difference (°CA), whilst that of pmax and pEO are indicated by the absolute error 521 percentage (%). In addition, pEO for the tri-fuel engine case in Table 8 is actually the pressure value at 522 30°CA after top dead centre (ATDC), as Abu-Jrai [41] provided the in-cylinder pressure from 20°CA 523 before top dead centre (BTDC) to 30°CA ATDC instead of the complete in-cylinder process. The IMEP 524 comparison of the tri-fuel engine is not included in Table 8 due to the same reason. As can be seen from 525 Table 8 , the relative errors of IMEP, pmax and pEO are below 3%, whilst the absolute difference of the peak 526 pressure position are less than 3°CA. Thus, it can be inferred that the proposed in-cylinder single-zone 527 model is able to predict the performance of internal combustion engines operating with flexible fuels and 528 can be used with fidelity for the calculation presented in the next section. 529 
Investigation on the Gaseous Fuel Interchangeability 533
The Wobbe Index has been widely-used in practice as an unambiguous reference to assess the 534 interchangeability of gaseous fuels. According to the WI definition, the energy supplied to the engine 535 remains constant when the WI holds the same values for a constant engine air flow. Nevertheless, the WI 536 just provides a rough prediction of the involved fuel energy, which is not enough to evaluate the engine 537 performance with sufficient accuracy. In addition, inert gases like CO2 and N2 are often added to the raw 538 natural gas to maintain a constant WI in order to meet the fuel interchangeability requirements as well as 539 for avoiding controlling the variation of engine settings (i.e. spark timing or pilot fuel injection start). 540
The knocking resistance of a gaseous fuel-air mixture depends on its composition, the engine load, thetrapped air-fuel ratio and the temperature of the unburnt zone [10] . Thus, the addition of inert gasesaffects the engine knocking performance as the decreased LHV could reduce the in-cylinder temperature. 543
In this section, the developed engine model is employed to investigate the engine performance in 544 cases where fuels (or gaseous fuels mixtures) with the same WI are used. In addition, the inert gas 545 addition on engine knocking performance is investigated. 546 547 4.1 Engine Performance Prediction using fuels with the same Wobbe Index 548
In this section, the model as presented in the previous section is used to investigate the energy input 549 and the engine power of the 2135 engine operating on three gaseous fuels with same WI. The composition 550 and properties of the employed gaseous fuels were taken from [10] , and shown in Table 9 . As the fuel 551 composition does not noticeably influence the combustion velocity [10], the heat release rate can be 552 considered the same for the three investigated cases. The theoretical energy input of each cylinder is 553 fixed at 3.8 kJ as it provides an approximate power of 11.92 kW. Then, the mass flow of the gaseous fuel 554 and air can be calculated according to the fuel LHV considering that the air-fuel ratio is kept at its 555 stoichiometric value as presented in Table 9 . LPG represents liquefied petroleum gas. 556 Table 9 . Fuel composition and properties of the investigated gaseous fuels [10] Table 10 shows the comparison of the theoretical values and the simulated results for the heat release 558 and the engine power. The simulated energy input of the LPG-CO2 mixture is 5.53% higher than its 559 theoretical value, whilst the ones of the natural gas and the LPG-N2 mixture are 5.26% and 1.05% lower 560 than their theoretical values, respectively. Despite the 1.05% decrease from the theoretical energy input, 561 the predicted engine power when the engine operates with LPG-N2 mixture is 2.77% higher than its 562 reference value. The derived engine power of the NG and the LPG-CO2 mixture are 3.02 % lower andtrend of their heat release. 565 comparison between the LPG-CO2 and the LPG-N2 mixtures, the greater amount of CO2 that has a higher 577 specific heat results in a greater specific heat of the LPG-CO2 mixture (the latter is higher in comparison 578
with that of the LPG-N2 mixture). 579 580
Influence of Inert Gas Addition on Knocking Performance 581
In this section, the influence of the CO2 and N2 addition on the knocking performance of the 2135 582 engine operating on natural gas is investigated. The Adu Dhabi natural gas [46] , which has one of the 583 lowest knock resistances because of its high ethane content, is used as the baseline gaseous fuel herein, 584 whilst the volumetric addition of CO2 and N2 is set to be 5%, 10%, 15% and 20%, as shown in Table 11 . 585
Motor Octane Numbers (MON) of the fuel-inert gas mixtures are obtained according to the equation for 586 MON and MN [46, 47] . The fuel consumption rate in each case is calculated referring to the fact that the 587 volumetric flow of the gaseous fuel is inversely proportional to the square root of its density for a 588 naturally aspirated premixed engine. 589 shows the knocking index, which provides the relative knocking probability with different inert gases 619 addition rates. The knocking index with 0% inert gas addition is set to 100 as it represents the baseline 620 condition. It can be inferred from Figure 9 (b) that both the CO2 addition and the N2 addition can reduce 621 the knocking probability of the natural gas engine with different levels. The CO2 addition seems to be 622 more effective than N2 in eliminating the knocking phenomenon, as the knocking index decreases to zero 623 with a 16% CO2 addition, whilst the knocking index with 20% N2 addition remains at 17. 624 
Conclusions 641
This study proposed an extended zero-dimensional model capable of simulating the multi-fuel 642 internal combustion engines, which employs the calculation of the thermodynamic properties of multiple 643 fuel mixtures and their combustion products. Subsequently, the extended model was used to investigate 644 the interchangeability between gaseous fuels with same WI and the influence of the inert gases (CO2 and 645 N2) addition on the engine knocking resistance. The main findings of this study are summarised as follow. 646
1. The maximum error between the simulation results and the respective experimental data was in the 647 range of 3% (obtained for the prediction of the in-cylinder pressure) implying that the extended 648 model shows adequate accuracy in predicting the operating parameters of the investigated internal 649 combustion engines operating on single or multiple fuels, including diesel engines, natural gas spark-650 ignited engines, dual fuel engines and tri-fuel engines. 651 2. In terms of the energy input and the engine power, the relative errors between the WI estimation and 652 the results obtained by the developed model can be as high as 5.53% and 8.98% respectively, which 653 implies that simulation tools of adequate accuracy must be used for the engine performance 654 prediction with fuels interchangeability to avoid possible errors occurring by considering the WI. 655 traditional WI method, it provides more accurate and detailed information of the fuel interchangeability 666 influence on engine performance and knocking resistance and therefore it is expected that the proposed 667 model will be a useful tool that can be used in the analysis of multi-fuel engines. 668 669
